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At an interface between a topological insulator (TI) and a conventional superconductor (SC),
superconductivity has been predicted to change dramatically and exhibit novel correlations. In par-
ticular, the induced superconductivity by an s-wave SC in a TI can develop an order parameter with
a p-wave component. Here we present experimental evidence for an unexpected proximity-induced
novel superconducting state in a thin layer of the prototypical TI, Bi2Se3 proximity coupled to Nb.
From depth-resolved magnetic field measurements below the superconducting transition temperature
of Nb, we observe a local enhancement of the magnetic field in Bi2Se3 that exceeds the externally
applied field, thus supporting the existence of an intrinsic paramagnetic Meissner effect arising from
an odd-frequency superconducting state. Our experimental results are complemented by theoretical
calculations supporting the appearance of such a component at the interface which extends into
the TI. This state is topologically distinct from the conventional Bardeen–Cooper–Schrieffer state
it originates from. To the best of our knowledge, these findings present a first observation of bulk
odd-frequency superconductivity in a TI. We thus reaffirm the potential of the TI-SC interface as a
versatile platform to produce novel superconducting states.
In a conventional superconductor (SC), the electronic
excitations are usually described as condensation of
Cooper pairs [1]. Fermi statistics imply symmetry con-
straints on permutation properties of the pair wave func-
tion, thus limiting the possible SC classes [2]. Ac-
cording to conventional classification, states with even
parity (s-, d-wave) must be in a spin-singlet configu-
ration while states with odd parity (p-, f -wave) must
be in a spin-triplet configuration. However, additional
classes are possible when permutation with respect to
time and, if present, orbital degrees of freedom are in-
cluded. This general classification allows for the odd-
frequency, or Berezinskii, state characterized by super-
conducting pairing which is nonlocal and odd in time [2–
6]. Odd-frequency pairing gives rise to SC states with
symmetries different from conventional states, for exam-
ple triplet s-wave [3, 4] and singlet p-wave [5] states. The
Berezinskii state is currently recognized as an inherently
dynamical order that can be realized in a variety of sys-
tems, including bulk SCs, heterostructures, and dynam-
ically driven systems. It is especially relevant at inter-
faces, where locally broken symmetries can influence the
type of pairing [6, 7].
One of the peculiarities of such a state is that the
sign of the Meissner screening can be reversed in some
cases, causing an attraction instead of a repulsion of ex-
ternal magnetic fields. Paramagnetic Meissner response
has been predicted in proximity structures [6, 9–13] and
in multiband SCs [14]. While such a paramagnetic Meiss-
ner screening cannot be stable in the bulk, it has been
observed at interfaces, where the superconductivity is in-
duced in a nonsuperconducting layer by the proximity
effect [15]. One particular superconducting interface
that has attracted significant attention in recent years
is between a conventional s-wave SC and a 3D topologi-
cal insulator (TI). Fu and Kane have predicted that in-
duced superconductivity in the topological surface state
(TSS) may have a px + ipy even-frequency order param-
eter, that might allow for the stabilization of Majorana
bound states in vortex cores [16]. The latter are the key
ingredient in a proposal for fault-tolerant quantum com-
putation. Furthermore, the occurrence of Majorana zero
modes can be related to the presence of odd-frequency su-
perconducting components [17–20]. Aside from the con-
ventional even-frequency superconductivity one should
be on a lookout for odd-frequency correlations induced
at such interfaces.
In this Letter, we provide experimental evidence of
proximity induced odd-frequency superconductivity in a
heterostructure of Bi2Se3 (∼ 110 nm) on Nb (∼ 80 nm).
In particular, we measure the depth dependence of the
magnetic field parallel to the interface in the Meissner
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FIG. 1: (a) (top) Schematic showing the µSR geometry where the applied field is parallel to the surface and perpendicular to the
muon spin and momentum directions. The lines depict the expected magnetic field depth profile due to screening of the applied
field inside the heterostructure with (solid gray) and without (dotted black) proximity induced superconductivity in the Bi2Se3
layer. (bottom) Calculated muon implantation profiles at different implantation energies using Trim.SP [8]. (b) Measured local
mean field as a function of implantation energy above (black squares) and below (red circles) the superconducting transition
temperature. The black horizontal line represents the applied field value, Bext, and the blue line is a fit to the theoretical model
(see text).
state using low energy muon spin rotation [21–24] (LE-
µSR) at the µE4 beam line [25] of the Swiss Muon Source
at PSI, Switzerland. This technique allows for a high
precision characterization of the magnetic field profile
by measuring the average Larmor precession frequency
of the muons’ spins as a function of their implantation
energy (and corresponding implantation depth), as illus-
trated in Fig. 1(a). Below the superconducting transition
temperature of Nb we observe conventional diamagnetic
Meissner screening in the Nb layer. In contrast, a para-
magnetic Meissner screening is observed in the Bi2Se3
layer, indicating a proximity-induced odd-frequency su-
perconducting component in the TI layer. Our exper-
imental results are complemented by theoretical calcu-
lations supporting the appearance of an odd-frequency
component at the interface, extending deep into the TI.
The local magnetic field as a function of implantation
energy, E, is shown in Fig. 1(b). At a temperature of
20 K, i.e., in the normal state, the muons probe a depth-
independent magnetic field (black squares). At temper-
atures below the superconducting transition of Nb, we
observe a strong variation in the measured field as a func-
tion of depth, featuring a typical Meissner screening in-
side the Nb layer (red circles). In a conventional metal-
SC proximity structure, the induced superfluid density
in the metal results in a decreased mean field which in-
creases monotonically as a function of distance from the
metal-SC interface, reaching the applied field value far
inside the metal [26–28]. In contrast, the behaviour in
Bi2Se3/Nb is reversed; the field in the TI is enhanced
compared to the applied field value, Bext (i.e., its value
at 20 K). This can be clearly seen in the fast Fourier
transform of the muon spin polarization spectra which
represent the local field distribution sensed by the muons
[Fig. 2(a)]. A careful inspection of the temperature de-
pendence of this effect shows that the paramagnetic field
shift in Bi2Se3 occurs below the superconducting transi-
tion temperature, Tc ≈ 9 K, of Nb [Fig. 2(b)]. This is
in agreement with Tc obtained from transport measure-
ments which show a sharp superconducting transition be-
low 9 K (see the Supplemental Material [29]). We have
also measured the magnetic field as a function of depth
for various Bext values in the range 7 mT to 20 mT. We
find that the local field at low temperatures is propor-
tional to the applied field, always exhibiting a paramag-
netic shift inside the TI. This indicates that the induced
superfluid density is almost field-independent within this
field range (see the Supplemental Material [29]).
The observed paramagnetic shift of about 0.2 % is too
large to be attributed to the demagnetization fields of the
Nb layer, which in a thin film are only relevant close to
the edges [29]. Furthermore, a misalignment of the ap-
plied field with respect to the interface could only reduce
the mean field measured in the sample. Another possible
source for a positive shift are microscopic demagnetiza-
tion fields caused by the roughness of the SC-TI interface.
However, such stray fields should decrease exponentially
with distance away from the interface [30, 31], which does
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FIG. 2: (a) Local field distribution calculated from fast
Fourier transform of the muon polarization measured in the
heterostructure, above and below the superconducting tran-
sition temperature. Different energies are offset for clarity.
The solid lines represent results from the fitting procedure
(see SI[29]). (b) Temperature dependence of the field shift in
the Bi2Se3 and Nb layers.
not agree with our observation. We can also exclude a
temperature dependence of the field in bulk Bi2Se3 or
any systematic deviations caused by the experimental
setup [32].
Odd-frequency components in superconductors are ex-
pected at any ballistic interface [7] and in TIs, they may
also occur in the presence of in-plane gap gradients [33],
exchange fields [34] and multigap odd-orbital coupling
[35]. However, they are usually a subdominant compo-
nent compared to the even-frequency pairs. The total
shielding current given by j = −e2(ne−no)A/mc, where
ne and no are the superfluid densities of the even and odd
pairs, respectively, and A the vector-potential, should
therefore still be diamagnetic [12]. The observed exten-
sion of the positive shift deep into the Bi2Se3 layer, shown
in Fig. 1(b), is a clear indication that not only the TSS
but also the bulk conduction band of Bi2Se3 is relevant
for the proximity effect, as has also been pointed out by
previous studies [36]. Therefore, we conclude that the ob-
served paramagnetic Meissner screening is due to super-
carriers induced into the bulk conduction band of Bi2Se3
by the proximity to superconducting Nb. Furthermore,
this observation suggests that the proximity-induced su-
perconducting state is the unconventional odd-frequency
(Berezinskii) state. Such a nontrivial pairing state in TIs
has not been observed before.
To make a better comparison and illustrate the verac-
ity of our conclusion we provide a summary of theoretical
calculations that support our experimental results. We
have developed a theoretical description of proximity-
induced superconductivity in the TI-SC heterostruc-
ture based on a well-established two-orbital tight-binding
model for Bi2Se3 [35, 37] (see the Supplemental Mate-
rial [29]). We show that the induced odd-frequency pair-
ing persists in the bulk of the TI, and that it dominates
the Meissner effect near the TI-SC interface. Based on
the insights from this microscopic model, we propose a
theoretical depth profile of the magnetic field, derived
from Maxwell’s equations and linear response theory,
that quantitatively fits our experimental data.
The band inversion in Bi2Se3 implies that the bulk
conduction and valence bands are formed by two or-
bitals with different parity, originating from hybridized
Se and Bi pz states. This orbital degree of freedom in
the TI allows for the generation of odd-frequency pair-
ing components, in addition to the even-frequency ones
[38]. For a proximity-coupled TI to a singlet s-wave
SC, the symmetry allowed odd- (even-) frequency compo-
nents are odd(even) in the orbital index [35]. In addition
to the dominant s-wave singlet pairing, even- and odd-
frequency p-wave triplet components are present. Our
calculations show strong odd-frequency SC correlations
that propagate away from the interface due to the cou-
pling between Nb and the bulk electronic states of Bi2Se3.
The two orbitals in the tight-binding model correspond to
top and bottom Se pz states in a quintuple layer, each hy-
bridized with the neighbouring Bi atoms [39]. We assume
stronger tunneling from the SC into the orbital closest
to the interface. This gives rise to odd-frequency com-
ponents that can be comparable or larger in magnitude
than the even-frequency ones over a wide range of fre-
quencies. Details of this effect and its depth dependence
are given in the the Supplemental Material [29].
The penetration depth of the induced SC pairing in
the TI layer depends on the position of the chemical
potential. When the chemical potential is at the Dirac
point of the TI, the induced SC pairing amplitudes de-
cay within approximately two quintuple layers from the
interface, i.e., a typical penetration depth of the TI sur-
face states. However, when the chemical potential is in
the bulk conduction band, as is the case for the (intrin-
sically) n-doped Bi2Se3 sample used here, we find finite
SC pairing amplitudes far away from the interface. We
attribute this to coupling between the SC and bulk TI
states. This is consistent with the experimental observa-
tion of the Meissner screening inside the TI layer shown
in Fig. 1(b). The role of bulk states in the TI-SC het-
4erostructure has been previously pointed out for trivial
even-frequency pairing [36]. We extend this approach to
allow for odd-frequency pairing induced in the TI.
We will now focus on the interpretation of the positive
field shift in the observed Meissner screening. In ordinary
metals or semiconductors, odd-frequency pairing leads to
the paramagnetic Meissner effect [14]. Recently, it has
been pointed out that in materials with Dirac disper-
sion, interband contributions to the current-current cor-
relation function can give rise to a diamagnetic Meissner
response [40]. This has been extended to a low-energy
model of a doped 3D TI, where it was found that odd-
frequency pairing can give rise to a diamagnetic response
due to interband effects [41]. More generally, the total
magnetic response can be para- or diamagnetic depend-
ing on the balance between intra- and interband processes
[41]. This complication, however, may be less relevant for
the system considered here since the model of a bulk TI
does not rely on the Dirac Hamiltonian. Therefore, we at-
tribute the paramagnetic shift to the odd-frequency com-
ponents in the bulk TI. Based on these considerations,
we developed a phenomenological model of the Meissner
effect.
We consider a TI-SC heterostructure with the interface
at z = 0, SC (Nb) extending from −dSC to 0 and the TI
(Bi2Se3) from 0 to dTI. Similarly to Ref. 15, we solve
a differential equation for the vector potential Ax(z) ≡
A(z)
d2A(z)
dz2
= Kxx(z)A(z), (1)
where Kxx(z) is the current-current correlation function,
or the Meissner kernel, which determines the magnetic
response of the system. The local magnetic field is cal-
culated as B(z) = dA(z)/dz. We use matching bound-
ary conditions for A(z) and B(z) at the TI-SC interface
and set B(z) = Bext outside the heterostructure. Fur-
thermore, we propose the following form of the Meissner
kernel in the TI and SC layers
Kxx(z) =
{
1
λ2SC
−dSC < z < 0
− 1
λ2TI
e−2z/z0 0 < z < dTI,
(2)
where λSC is the London penetration depth of the SC
while λTI and z0 are the characteristic length scales in
the TI layer. Thus, we assume a conventional diamag-
netic Meissner screening in the SC which leads to expo-
nential suppression of the local magnetic field extending
into the SC layer. On the TI side, the kernel describes
the proximity-induced odd-frequency screening which ex-
ponentially decays over a persistence length z0 from the
TI-SC interface.
We solve Eq. (1) with the kernel Kxx given in Eq. (2)
and with boundary conditions at all three interfaces to
obtain the theoretical depth profile of the local magnetic
field, Btheoloc (z). To fit the experimental data, we use
Btheoloc (z) to calculate the muon precession signal averaged
over its stopping distribution at a given E (see details in
the Supplemental Material [29]). The minimization of
the fit was performed for all E values (at T = 3.7 K)
simultaneously, using the same theoretical field profile.
We also fixed the thickness of the layers obtained from
RBS and XRR measurements, dTI = 111.1 nm and dSC =
81 nm, together with the applied field obtained from the
measurements at T = 20 K, Bext = 19.818(2) mT. The
parameters extracted from this global fit [gray line in
Fig. 1(a)] give λTI =1.62(4) µm and λSC = 117.8(6) nm.
In this fit z0 =1µm is chosen to reflect the fact that
superconductivity is induced in the Bi2Se3 bulk conduc-
tance states above the TI gap and, therefore, has a long
decay range inside the TI. We checked that the specific
choice of z0 does not affect the quality of the fit. How-
ever, the exact value of of λTI systematically depends
on the choice of z0 and varies between 0.90(2) µm and
1.74(5) µm for z0 within [dTI,∞). We assume that the
the penetration depth in Nb lambdaSC is not modified
significantly by the interface. However, note that the ob-
tained value is much larger than that in the clean limit
of Nb [27(3) nm [22]]. Finally, we calculated the mean
local field as a function of E by averaging Btheoloc (z) over
the corresponding muons’ stopping distribution. This is
plotted in Fig. 1(b) (blue line) and exhibits a very good
agreement with the mean field obtained independently,
confirming again the validity of the obtained Btheoloc (z).
Hence, the proposed theoretical field profile, based on
the assumption of a large odd-frequency pairing ampli-
tude in the bulk of the TI supported by the microscopic
model, explains qualitatively and quantitatively the ob-
served paramagnetic Meissner shift. The measured local
field profile shows an almost constant paramagnetic shift
in the TI extending at least 30 nm from the TI-SC inter-
face and a conventional screening on the superconduct-
ing Nb side. The paramagnetic shift decreases gradually
towards the opposite TI surface. Deviations of the ex-
perimental data from the predicted profile, for example a
small positive shift of the mean magnetic field above Bext
on the SC side just below the interface may be due to the
limited accuracy in calculating the stopping profiles us-
ing Trim.SP [Fig. 1(a)]. Furthermore, some of the experi-
mental details that may affect the local field profile, such
as interface roughness and inhomogeneous thickness of
the layers, are not included in the theoretical modelling.
However, we except this to have a negligible effect, since
the roughness is on an the length scale of one quintuple
layer (∼1.4 nm) [29]. Therefore, the magnetic field re-
sponse is set by the macroscopic length scales, such as
the penetration depth. We also point out that both the
induced dominant odd-frequency superconductivity and
the underlying Nb superconductivity are of s-wave type.
Therefore the effects of atomic disorder at the interface
are not likely to degrade the induced odd-frequency state.
In conclusion, we observe an intrinsic paramagnetic
5Meissner shift in proximity-induced superconductivity
in a Bi2Se3/Nb heterostructure. We attribute this ef-
fect to odd-frequency superconductivity which persists
up to tens of nanometers away from the Bi2Se3/Nb in-
terface. This finding, which is supported by our theo-
retical calculations, is the first observation of a bulk in-
duced odd-frequency superconducting state in a TI. Our
results demonstrate that the experimental phenomenol-
ogy of superconductivity at TI interfaces is richer than
previously thought, and it highlights the potential of TI-
SC heterostructures for realizing novel electronic states.
Odd-frequency superconducting components may be of
particular importance for the theoretical description of
TI and semiconductor-based Majorana heterostructures
which operate in a nonzero magnetic field.
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